Introduction Differences between the tooth and implant response to load can lead to many biological and technical implications in the conditions of occlusal forces. Objective The objective of this study was to analyze load distribution in tooth/implant-supported fixed partial dentures with the use of resilient TSA (Titan Shock Absorber, BoneCare GmbH, Augsburg, Germany) abutment and conventional non-resilient abutment using finite element method. Methods This study presents two basic 3D models. For one model a standard non-resilient abutment is used, and on the implant of the second model a resilient TSA abutment is applied. The virtual model contains drawn contours of tooth, mucous membranes, implant, cortical bones and spongiosa, abutment and suprastructure. The experiment used 500 N of vertical force, applied in three different cases of axial load. Calculations of von Mises equivalent stresses of the tooth root and periodontium, implants and peri-implant tissue were made. Results For the model to which a non-resilient abutment is applied, maximum stress values in all three cases are observed in the cortical part of the bone (maximum stress value of 49.7 MPa). Measurements of stress and deformation in the bone tissue in the model with application of the resilient TSA abutment demonstrated similar distribution; however, these values are many times lower than in the model with non-resilient TSA abutment (maximum stress value of 28.9 MPa). Conclusion Application of the resilient TSA abutment results in more equal distribution of stress and deformations in the bone tissue under vertical forces. These values are many times lower than in the model with the non-resilient abutment.
INTRODUCTION
The indication field for use of implants in patient treatment is very large. Shortened dental arch is especially challenging for this type of therapy.
A reliable and clinically verified therapy includes production of free-standing implantsupported fixed partial dentures (i-FPD). However, anatomic restrictions and economic reasons often necessitate connecting tooth and implant. Many experimental investigations, followed by clinical studies, dealt with this problem because of the difference between biomechanical response of a tooth and of an implant to loading. The reason for this is different method these supports are connected to the surrounding bone. A natural tooth is attached to the alveolar bone indirectly via periodontal ligament (PDL), which gives it certain mobility under pressure. This mobility is designated as the physiological tooth mobility that can reach even 150 µm. The movement is particularly intensive in the initial phase of loading. Opposite to that, osseointegrated implants have ankylotic connection with the surrounding bone and their mobility under loading is linear. It ranges from 17 µm to 66 µm, and is related to bone tissue elasticity, applied material and position of implant inside the dental arch [1, 2] . Values are lower if an implant is in the anterior segment of the mandible due to its specific bone structure. With the initially larger tooth movement, even when the exerting forces are of low intensity (<20 N), the tooth intrusion of approximately 30 µm will occur. With an implant, these values are much lower -approximately 2 µm [1] . Apart from this, titanium has significantly higher elastic modulus values compared to a natural tooth, which has influence on the differences in bridge support mobility and force distribution to the bone [2] . Finally, not only the intensity of force but also the time of force action is important, since the periodontal ligament shows high elastic properties under load, which is not the case with the ankylotic connection of the implant and the bone tissue [1, 3] . Specifics of the PDL response to loading include the occurrence of biomechanical hysteresis in the case of frequent loading and creep, i.e. slow deformation when load time is long [4] .
Event today, after more than three decades of debate on this issue, the controversy in regard to the tooth and implant connection is still present [5] . Differences between the tooth response and implant response to load can lead to many biological and technical implications in the conditions of occlusal forces [6, 7] . According to the results of certain experimental and clinical testing, the tooth intrusion results in higher loading on the implant rigidly connected to the bone [8, 9] . This reduces their supporting effect, causes implant overloading and increases marginal bone resorption. Larger tooth mobility and FPD span result in more serious consequences [10, 11] . Data from the literature also imply that the toothimplant fixed partial dentures (m-FPD) often show cracking in cement film of abutment teeth, occurrence of caries, atrophy of PDL due to inactivity, occurrence of periapical processes, and even tooth root fracture [5, 11, 12] . In addition to that, some technical problems are observed in connection with the loss of occlusal screw, abutment screw, ceramics cracking, as well as the implant fracture [13] .
Contrary to these results, many conducted clinical trials showed much lower percentage of biological and technical complications. Gunne et al. [14] , followed by Lindh et al. [15] and Brägger et al. [16] , published in their studies the results of monitoring after three to five years, in which they have had not observed any statistically significant differences regarding occurrence of complications between free-standing implants and tooth-implant supported prosthesis. However, study results of observation periods longer than ten years, and of the one conducted by Brägger et al. [17] , indicate that more problems still occur with mixed fixed partial dentures.
For the purpose of achieving more uniform load distribution, some researchers used various precise connecting elements in order to provide physiological movement of teeth independent of implants. Despite some encouraging results, biological and technical complications could not be disregarded [18, 19] . This problem has not even been fully resolved with telescopic crowns, with various and insufficient explanations of the problem [9] .
OBJECTIVE
The effort to achieve balance of different biomechanical responses of an abutment tooth and of an implant to loading has resulted with the application of resilient abutment (Titan Shock Absorber [TSA], BoneCare GmbH, Augsburg, Germany).
The objective of this study was to analyze load distribution in tooth-implant supported fixed partial dentures with the use of the resilient TSA abutment and conventional non-resilient abutment using the finite element method. Stresses and deformations are analyzed in the bone tissue around the tooth and implant. The obtained results could become genuine basis for implementation of resilient abutments in clinical practice with the patients receiving this kind of prosthetic therapy.
METHOD
The finite element method is a widely applied mathematical method in dentistry for calculations in connection with the stress distribution and deformation in the bone tissue around an implant and in the bone around a natural tooth.
This study presents two basic 3D models for interaction analysis of implants, teeth, bone, and PDL under the influence of occlusal loads in the mandible. It is assumed that first and second molars are missing in both cases (Kennedy class I), i.e. that the most distal tooth is the lower second premolar. Then, in both models, an implant (Straumann Standard Plus, 4.1 × 10 mm; Straumann, Basel, Switzerland), was mounted in the place of the second molar. For one implant and model a standard non-resilient abutment is used, and on the implant of the second model a resilient TSA abutment is used. Modelling of the implant and abutment was carried out in accordance with the factory dimensions and recommendation of the TSA abutment producer ( Figure 1 ).
The conventional technique was used for preparation of the abutment tooth and creation of porcelain-fused-tometal (PFM) crown. For fabrication of the metal substructure Co-Cr alloy of known physical and mechanical properties was used. In this way, in both cases, models were made of PFM fixed partial dentures having three units, with adequate occlusal morphology. The virtual model contains drawn contours of tooth, PDL, mucous membranes, implant, cortical bones and spongiosa, abutment and suprastructure (analogical real model) (Figure 2 ).
For all used materials it has been assumed that they are homogenous, linear elastic isotropic materials, except for the periodontal ligament. It is modelled as a 0.25 mm thick layer around the tooth. Periodontal ligament is represented with 1,200 3D non-linear highly elastic spring elements, in order to enable tooth movement of about 60 µm under a force of 5-10 N, and its return to the initial position after two seconds. Coordinates for each boundary point are loaded into the program in order to create surfaces of the modelled objects. Input parameters for all modelled (Table 1 ) [9] .
The experiment used a vertical force of 500 N, applied in three different cases of axial load -to the FPD above the tooth, to the FPD above the implant, and to the FPD above all three units simultaneously, after which the distribution of stress and deformations was analyzed. In this way, six different cases of load were monitored depending on whether the resilient abutments were used, and on the point of force application.
Calculations of von Mises equivalent stresses of the tooth root and periodontium, implants, and peri-implant tissue were made.
Numeric values are also presented graphically for clear interpretation and understanding.
ANSYS Workbench Platform (ANSYS, Inc., Canonsburg, PA, USA) was used for creation of the model and analyzing. The modelling used four types of finite elements: 
RESULTS
For the model to which non-resilient abutment was applied, analysis were made of the 500 N force applied to the FPD above the tooth, 500 N force applied to the FPD above the implant, and 500 N force applied to the FPD above all three units simultaneously. For all three situations of force application, our results showed maximum stress values in the cortical part of the bone around the tooth and implant. When the force was applied above the natural tooth, stress values at the apex of the tooth were lower than in the cortical part of the bone and in the middle third. In contrast, when the force was applied above the implant, very high stress values were also recorded in the bone under the implant. By far the largest stress values were recorded in the case when the force was applied simultaneously to all three FPD units (49.7 MPa). These values were observed in the cortical bone around the implant neck (Figures 4, 5, and 6 ). Measurements related to deformation in the bone tissue correlated to the measurements of stress condition. Deformation was the greatest in cortical bone around the tooth and implant. Maximum values were recorded when the force was applied to all three FPD units, in cortical bone around the natural tooth (0.04 mm) (Figures 7, 8, and 9) .
Measurements of stress and deformation in the bone tissue in the model with application of the resilient TSA abutment demonstrated similar distribution in the bone, with highest values in the cortical bone around the tooth and implant. However, these values are many times lower than in the model with non-resilient TSA abutment (Figures 10-15 ). Comparison of maximum values of stress and deformation for both tested models in all analyzed cases is given in Tables 2 and 3 .
DISCUSSION
In situations of tooth-implant supported FPD, one of the most important factors, when it comes to long-term success, is the design of the denture, i.e. the use of the fixed or resilient connection between two different supports. However, neither in vitro experiments nor clinical studies provide precise recommendations for a specific design of the prosthesis that connects teeth and implants.
Finite element method has been widely used in dentistry and in studies dealing with the application of occlusal force, i.e. stresses and deformations caused by such forces [3, [20] [21] [22] [23] . Although this method is very helpful, it doesn't only have advantages, but also drawbacks. Since the mathematical models are models of real objects, precision and reliability of obtained results depend on the precision of the model itself, its geometry, input parameters defining the characteristics of the material, loads and boundary conditions [24, 25, 26] . Geometry of teeth, supporting structures, bone, and temporomandibular joints is complex, which makes it impossible to make a full replica of real objects. Also, the experiments assume that the materials, in regard to their characteristics, are homogenous, linear elastic isotropic materials, except for periodontal ligament. In addition, the forces applied in the mouth are complex by their intensity, direction, distribution and time of application. On the other hand, it should be taken into account that this is a computer model, and as such the experiment can be fully controlled; thus, it is possible to change the test conditions, and the simulations can be repeated as many times as it is desired. Having all this in mind, it should be noted that a well-defined model and correct implementation of the program and interpretation of obtained results make this method extremely important not only for preliminary and control investigation, but also as a method of choice in in vitro studies [24, 25, 26] .
Perhaps the results presented in this paper are not real values of load in the mouth, but they indicate different form of distribution of stress and deformations subject to the implemented model, as well as what design of the tooth-implant supported FPD and abutment would be most efficient. This method also provides numeric values and visual data available for further interpretation and analysis.
Compared to 2D models used in similar experiments, 3D model is much more precise and reduces potential errors, and therefore obtained data can be deemed more reliable [2, 6, 19] .
Vertical load of the tooth-implant FPD with standard abutment and rigid construction, without connection elements, causes tooth intrusion and consequently higher load of mesial-cervical region of the implants, due to bending of the whole structure. These normal forces tend to rotate the implant around the support, which is at a higher position in relation to the intruded tooth at the time of load. This reason, together with the higher elastic modulus of the cortical bone, leads to the stress concentration in the mentioned region [6, 8] . Due to aforementioned reasons, in the case of non-resilient abutments, according to the experimental results, it can be concluded that the bending forces occur in the FPD structure and lay stress on the implant to a great extent. These results match the results of a large number of clinical and experimental studies that dealt with these problems [3, 5, 7, 9, 14, 18, 19, 20, 21, 27, 28] .
The results obtained in this experiment point at different distribution of stress and deformations in the model which used resilient TSA abutment in relation to the model that used non-resilient abutment.
In the model with resilient TSA abutment, stress and deformation values around the implant are significantly lower compared to the natural tooth in the same model. Also, the measured values are many times lower compared to the non-resilient abutment model for all three cases of vertical forces. Distribution model is similar for deformations in the bone around the tooth and implant, with significantly lower values when a resilient abutment is used.
Such results can be explained by the fact that a resilient abutment cushions and absorbs a large portion of the force, and then transfers a portion of the total load to the surrounding structures and bone. In this way, a certain equalization of load on the support is achieved, especially when the force is applied to all three FPD units at the same time.
According to the results of this experiment, excessive load on the implant caused by tooth intrusion is prevented, owing to the resilient abutment spring, which absorbs a portion of the force.
CONCLUSION
According to the results of this experiment the following conclusions can be made.
Application of the resilient TSA abutment results in more equal distribution of stress and deformations in the bone tissue around the tooth and implant under vertical forces.
Stress and deformation values in the model with the resilient abutment are many times lower than in the model with the non-resilient abutment.
Proposed design of the FPD with the mixed load and resilient TSA abutments could be a reliable and successful therapy method when a tooth needs to be connected with the implant.
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